Myelination of the central nervous system is important for normal motor and sensory neuronal function and recent studies also link it to efficient learning and memory. Cyclin-dependent kinase 5 (Cdk5) is required for normal oligodendrocyte development, myelination and myelin repair. Here we show that conditional deletion of Cdk5 by targeting with CNP (CNP;Cdk5 CKO) results in hypomyelination and disruption of the structural integrity of Nodes of Ranvier. In addition, CNP;Cdk5 CKO mice exhibited a severe impairment of learning and memory compared to controls that may reflect perturbed neuron-glial interactions. Co-culture of cortical neurons with CNP;Cdk5 CKO oligodendrocyte lineage cells resulted in a significant reduction in the density of neuronal dendritic spines. In short term fear-conditioning studies, CNP;Cdk5 CKO mice had decreased hippocampal levels of immediate early genes such as Arc and Fos, and lower levels of p-CREB and p-cofilin suggested these pathways are affected by the levels of myelination. The novel roles of Cdk5 in oligodendrocyte lineage cells may provide insights for helping understand the cognitive changes sometimes seen in demyelinating diseases such as multiple sclerosis.
Introduction
Normal learning and memory are dependent on the orchestrated actions of a neuron-glia network in the central nerve system (CNS). Oligodendrocytes (OLs) generate myelin that wraps axons and enhances axonal conduction velocity in the CNS. Oligodendrocyte lineage cells also provide trophic and metabolic support for neurons and other CNS cells (Lee et al., 2012; Nave, 2010) . Myelinated axons are found in white and gray matter and recent studies suggest that demyelination and subtle changes in the integrity of both white and gray matter are related to the impairment of cognitive and neuronal function by regulating the velocity and synchrony of impulse conduction in multiple sclerosis (MS) and other neurodegenerative diseases including Alzheimer's disease (AD), amyotrophic lateral sclerosis (ASL) and psychiatric diseases (Desai et al., 2010; Fields, 2008; Kang et al., 2013; Tognatta and Miller, 2016; Yarnykh et al., 2014) . Furthermore, recent studies suggested that new oligodendrocyte formation and potentially myelination was required for motor skill learning in adult animals (McKenzie et al., 2014; Xiao et al., 2016) .
The function of myelinated axons is dependent on the structure of nodes of Ranvier and the localization of ion channels (Na + and K + ) at nodes. For example, the density and organization of nodes of Ranvier along with the distribution and concentration of Na + and K + channels markedly influences axonal conduction velocity and axonal excitability (Fields, 2008) . During development, an optimal level of myelination is achieved and hyper -or -hypomyelination results in functional deficits that may reflect perturbation of neuronal connectivity and network activity resulting from changes in myelination such as internodal lengths and/or nodal organization Ritter et al., 2013) . Within the CNS, cyclin-dependent kinase 5 (Cdk5) regulates the development of neurons and OLs. For example, Cdk5 modulates neuronal differentiation, migration, synaptic plasticity and dendritic spine formation during brain development and is also important for learning and memory formation and hippocampal plasticity through changes in cAMP signaling (Guan et al., 2011) , and NR2B trafficking and metabolism (Hawasli et al., 2007; Plattner et al., 2014) . Dysregulation of Cdk5 has also been implicated in the pathology of https://doi.org/10.1016/j.expneurol.2018.05.001 Received 11 January 2018; Received in revised form 10 April 2018; Accepted 1 May 2018 drug addiction, psychiatric disorders and neurodegenerative diseases (Cheung and Ip, 2012) . Oligodendrocyte development and myelination are also regulated by Cdk5 and its activators (Luo et al., 2016) . For example, targeted deletion of Cdk5 to Olig1+ cells disrupted the transition of OPCs to mature OLs, compromised process formation in mature OLs and delayed myelination (He et al., 2011; Yang et al., 2013) . Targeting deletion of Cdk5 in CNP+ oligodendrocyte lineage cells had less effect on myelin development but inhibited myelin repair following focal LPC induced demyelination through modulation of the Akt and Gsk-3beta signaling pathways (Luo et al., 2014) and inhibited myelin repair in the chronic cuprizone toxicity demyelinating model (Bankston et al., 2013) . In current study, we examine the consequences of Cdk5 deletion in CNP+ oligodendrocyte lineage cells (CNP;Cdk5 CKO) in the absence of any additional insult. We show a significant reduction in the level of myelination and perturbations in the number and organization of nodes of Ranvier in multiple CNS regions of older animals. These changes are associated with severely impaired learning and memory and decreased levels of immediate early genes (Arc and Fos), p-CREB and p-cofilin in the hippocampus. Co-culture studies demonstrate changes in neuronal dendritic spine and synapse maturation in the absence of Cdk5 in oligodendrocyte lineage cells. Such changes likely contribute to abnormal cognitive function seen in CNP;Cdk5 CKO animals, and may offer new insights for enhancing myelin repair and neuronal function in demyelinating diseases and other neurodegenerative diseases.
Materials and methods

Animals
All animal experiments were done in compliance with approved animal policies of the Institutional Animal Care and Use Committee (IACUC) at CWRU University. fl/+ mice as previously described (Luo et al., 2014) and genotyped using tailed genomic DNA PCR (LappeSiefke et al., 2003; Luo et al., 2014) . For comparative experiments, CNP Cre/+ ;Cdk5 fl/fl animals are used as CNP;Cdk5 CKO; and sex-and age-matched animals of heterozygotes CNP Cre/+ ;Cdk5 +/+ served as controls as they had no detectable phenotype. The animals were generated and maintained on a C57BL/6 background and housed in a vivarium with a 12-h light/dark cycle. No > 4 adult mice were housed in the same cage. Mice of both sexes were used with littermate controls unless otherwise indicated.
Behavior tests
At least a 16-18 group of sex-and age-matched (8 weeks) controls and CNP;Cdk5 CKO animals were used for cognitive functional tests including: learning and memory (T-maze, passive avoidance test and contextual fear conditioning), motor function (open field and rotarod test) and anxiety test (elevated plus maze). All tests were conducted in a blinded fashion at the Case Rodent Animal Behavior Core and performed during the light phase. In the first week, the mice underwent rotarod test on day 1, open field assayed on day 3 and elevated plus maze on day 5. In the second week, the mice were subjected to the Tmaze on day 1 and passive avoidance test on day 3. In the third week, the mice underwent contextual fear conditioning test. To minimize stresses, animals were transported and acclimated to a testing room 2 h before the tests. All test apparatus was cleaned with 5% ethanol to avoid instinctive odorant between animals.
T-maze test
A clear-plexiglass T-maze apparatus (with 60 cm length of arms) was used and recorded using Ethovision video tracking system. A tested animal was placed in the apparatus with one blocked arm and allowed to explore the maze freely for 10 min. To avoid any arm preference bias, the blocked arm was switched randomly between tested animals. After 10 min the test mouse was returned to the home-cage for 3 h before being placed back in T-maze with two opened arms for 5 min. The time spent and the frequency in the previously blocked arm, and the total number of arm entry were recorded indicating a challenge for shortterm spatial memory of hippocampal and forebrain function.
Passive avoidance test
A two-compartment step-through passive avoidance apparatus was used to evaluate memory based contextual fear conditioning and instrumental learning memory (Ogren et al., 1985) . A decrease in retention latency indicates impaired memory. On training day 1, mice were placed into the light compartment and allowed to freely explore light and dark chambers. On the following day 2, the animal was placed in the light compartment and when it stepped into the dark compartment, the inter-compartment door closed and a foot shock (0.5 mA/2 s) delivered. The mouse was returned to the home cage after 1 min in the dark. The time taken to enter the dark compartment (training latency) was recorded. On the day 3 (24 h after the acquisition trial), in the retention trial, animals were placed in the illuminated compartment without foot shock and the step-through latency recorded (maximum a cutoff time of 300 s) and used as an index of retention of learned experiences.
Contextual and cued fear conditioning test
The contextual fear-conditioning test was performed as previous described (Yu et al., 2014) . In the training phase on day 1, an individual mouse was placed in a conditioning chamber (Med Associates, Burlington, VT) equipped with stainless grids and allowed to explore freely for 2 min (pre-conditioned phase). A tone (80 dB, 2800 Hz) was presented as a conditioned stimulus for 30 s, and a foot shock (0.5 mA, 2 s) was delivered as an unconditional stimulus through a shock generator 2.5 s after the tone stimulus. A total of 4 tone-shock pairs were repeated and the mouse-freezing response recorded. After 24 h, retention tests were performed with mice placed into the conditioning chamber and the freezing response recorded for 5 min in the absence of the tone. Two hours after the contextual freezing was measured, mice were introduced in the contextually altered chamber with flatted plastic floor for 6 min. During the first 3 min, freezing response was measured in the absence of the tone; and in the remaining 3 min, the tone stimulus was delivered and freezing behavior measured to assess cued fear conditioning.
Open field test
Spontaneous motor activity was assessed in a bright and illuminated wooden, square, arena. Mice were placed in the center of the clear arena in standard room-lighting conditions for evaluation of locomotor activity. The total distance traveled was tracked and quantitated by a video EthoVision system for 15-min test period. The number of entries, the time spent in the center zone and the total distance traveled were monitored.
Rotarod test
Motor learning and motor coordination were evaluated with the accelerating-rotarod test. Controls and CNP;Cdk5 CKO mice were kept in their home cages and acclimate in the testing room for at least F. Luo et al. Experimental Neurology 306 (2018) 92-104 15 min. In training phase, mice were placed on the rotarod with a constantly speed at 4 rpm walking forward for 60 s. All animals were given a session consisting of three training trails with a 10 min intertrial interval and at least a 30 min break between training and testing phases. In the test phase, the speed of the rotarod gradually accelerated from 4 to 40 rpm within 5 min. The latency and speed of each mouse falling off from the rotarod was recorded. Three test trials were performed and recorded with at least 30 min inter-trial intervals.
Elevated plus-maze test
The elevated plus-maze apparatus consisted of total four arms of equal dimensions (50 cm × 10 cm). Two arms were enclosed by 40-cmhigh blocks and were arranged perpendicularly to two opposite open arms. Following acclimatization an individual mouse was placed in the center of the maze facing an open arm. Entries and time spent in the open arm were recorded for 5 min using a video system and used as measures of anxiety-like behavior.
Immunohistochemistry
Mice were anaesthetized with Avertin and perfused intracardially with 4% paraformaldehyde in PBS. Dissected optic nerves and brain were post-fixed in 4% paraformaldehyde overnight at 4°C and 20 μm frozen sections of optic nerve (longitudinal) and brain sections (coronal) collected. For immunohistochemistry, antigen retrieval was applied with reveal decloaker solution (Biocare Medical). Sections were incubated with primary antibodies overnight at 4°C. Primary anti- . Nuclei were stained with DAPI (1,1000, sigma) and images collected using a Leica DFC500 fluorescence microscope.
Electron microscopy analysis and Toluidine blue staining
For ultrastructural analyses, animals were perfused with 2% glutaraldehyde/4% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 (Electron Microscopy Sciences). Brain and optic nerves were post-fixed in 1% OsO 4 , dehydrated through a series of graded ethanols, stained using saturated uranyl acetate and embedded in a Poly/Bed812 resin (polysciences Inc.). For Toluidine blue staining, 2 μm-thick transverse sections were cut using a Leica Ultracut UCT ultramicrotome (Leica Microsystems, Germany) and stained with 1% Toluidine blue and washed with PBS. To analysis myelination and the structure of node of Ranvier, thin section (1 μm) and ultrathin section (0.1 μm) from matching areas of CNP;Cdk5 CKO and control tissue blocks were cut and visualized using an electron microscope (JEOL100CX) at 80 kV. The g-ratio, defined as the ratio of the inner axonal diameter to the total outer diameter, was calculated from at least 150-200 randomly selected myelinated axons from 3 to 5 controls and CNP;Cdk5 CKO animals.
2.11. Black-Gold II myelin staining 20 μm frozen sections were incubated in pre-warmed 0.3% BlackGold II solution (Histochem, Jefferson AR) at 60°C for 30-40 min according to the manufacture's instruction. Sections were washed in distilled water, fixed in 2% sodium thiosulfate for 3 min. Staining was visualized using a Leica DFC500 fluorescence microscope.
In situ hybridization
A 969 bp probe for proteolipid protein (PLP) was generated using PCR primers from Allen Brain Atlas flanked with T7/T3 (T3 forward, 5′-AATTAACCCTCACTAAAGGGGGGGATGCCTGAGAA GGT3′; and T7 reverse, 5′-GTAATACGACTCACTATAGGGCGTGTGATG CTTTCTGCCCA-3′). PCR products were generated using isolated RNA and the SuperScript One-Step RT-PCR kit (Invitrogen), re-amplified, and confirmed by sequencing. Probes were then transcribed using the Ambion Maxiscript transcription kit (Invitrogen) and digoxigenin-11-UTP (Roche), using either T3 for the sense control probe or T7 for the antisense probe. In situ hybridization was performed according to the published protocol (www.mskcc.org/research/lab/alexandra-joyner/ laboratory-p r o t o c o l s). Probes were diluted 1:50 in hybridization solution and hybridized overnight at 55°C-60°C.
Nissl staining
Coronal sections (20 μm) were mounted on slides and dried overnight at room temperature. Sections were stained subsequently with 0.1% cresyl violet (sigma) for 20 min. Slides were then dehydrated in 100%, 95% and 70% ethanol, and cleared in histo-clear II (National Diagnostics), coversliped with cytoseal™ 60 (Thermo Scientific).
Biochemical analysis
Tissues (optic nerve, hippocampus, cortex and corpus callosum) were micro-dissected and homogenized with RIPA lysis buffer. Equal amounts of proteins were loaded and separated by SDS-PAGE and transferred to PVDF membranes. Membranes were blocked in 0.1% Tween20 PBS buffer containing 5% BSA overnight at 4°C and incubated with primary antibodies followed by anti-mouse or anti-rabbit IgG conjugated to HRP. Enhanced chemiluminescence was performed with a West Pico Kit and detected by FluorChem E system (ProteinSimple, USA). The following primary antibodies were used: Cdk5 (sc-173, Santa Cruz, 1:1000); PLP (ab28486, Abcam, 1:1000); Caspr (MABN69, Millipore, 1:1000); MBP (SMI-99P, Covance, 1:1000); CREB (#9197, Cell signaling, 1:1000) and p-CREB (#9198, Cell signaling, 1:1000); Cofilin (#5175, Cell signaling, 1:1000) and p-cofilin (#3311, Cell signaling, 1:1000); Fos (#4384, Cell signaling, 1:1000) and Arc (sc-17839, Santa Cruz, 1:1000) and β-actin (sc-47778, Santa Cruz, 1:1000). The density of immunoblots were quantified against normalized internal loading control using ImageJ software.
OPC cultures
Mouse OPC cultures were prepared using immunopanning as previously described (Yang et al., 2011) . Postnatal day 1-2 mouse brains were dissected and cerebral cortices were minced and digested in 0.1% Trypsin-EDTA at 37°C for 30 min. After titration and centrifugation, dissociated cells were incubated on pre-coated culture dishes with secondary antibody IgM (10 μg/ml) (Millipore, Cat # 55460) and primary antibody A2B5 for 30 min at 37°C. Following wash-off non-adherent cells, OPC were released by 0.05% Trypsin in DMEM and collected at a purity of approximately 96%. OPCs were expanded in DMEM/F12 based-medium supplemented with N2, 5 ng/ml NT-3, 10 ng/ml CNTF, 20 ng/ml bFGF and 20 ng/ml PDGF-AA.
Oligodendrocyte conditional media
Enriched OPCs were plated at a high density of 6 × 10 5 /well in 6-well plate in serum-free DMEM/F12 based medium supplemented with N2, Glutamax, 5 ng/ml NT-3 and 10 ng/ml CNTF. After 2 days, cells F. Luo et al. Experimental Neurology 306 (2018) 92-104 were gently washed with DMEM/F12 medium and conditioning medium (DMEM/F12 containing N2 and Glutamax) added in the culture. After 24 h, the conditioned medium was harvested and passed through centrifugal filter (Amicon ultra-4 3K, Cat#: UFC800324) at 1000 rpm for 5 min. The supernatant was stored at −80°C and used at a dilution of 1:25 for neuronal cell culture.
Cortical or hippocampal neuronal cultures
Cortical and hippocampal neuronal cell cultures were prepared from E18 mouse brain as described previously (Romito-DiGiacomo et al., 2007) . Tissues were dissected and trypsinized for 15-20 min at 37°C. Dissociated neuronal cells were plated on PLL-Laminin-coated, 24-well coverslip, respectively, and grown in Neurobasal media supplemented with 2% B27, 2 mM Glutamax and 1% penicillin/streptomycin. For coculture, 48 h after initial plating cortical or hippocampal neurons were co-cultured with purified WT or Cdk5−/− OPCs; or treated with conditional media derived from either WT or Cdk5−/− OPCs and the density and maturation of neuronal dendritic spine and synapse formation assayed.
Immunocytochemistry
Cultured cells were fixed in 4% paraformaldehyde, blocked with 5% normal goat serum and 0.1% Triton X-100 in PBS and incubated in primary antibodies (MAP2, M4403, sigma; Synapsin-1, #106103, Synaptic Systems) overnight at 4°C. After rising in PBS, Alexa fluoresces-conjugated secondary antibodies 488 or 594 (1500, Invitrogen) were incubated for 2 h. The coverslips were mounted with Vecta Shield mounting medium (Vector Laboratories) and visualized by fluorescent microscopy.
Statistical analyses
Data were collected from control and CNP-Cdk5 CKO animals (N = 3-5 in each group) and presented as mean ± SEM. Statistical analysis was performed by two-tailed unpaired Student's t-tests, oneway ANOVA or two-way repeated measures ANOVA with Sidak's multiple comparisons test or Tukey's multiple comparison test. Quantifications were performed in a blinded fashion.
Results
CNP;Cdk5 CKO mice exhibit a maturation dependent reduction of myelination
Early oligodendrocyte development and myelination were only slightly affected in CNP;Cdk5 CKO animals and comparison of the levels of myelination in different brain regions of CNP;Cdk5 CKO and control animals points showed no detectable differences at P7 and only slightly reduced MBP expression at P14. The differences in myelin expression in the corpus callosum and cortex of control and CNP;Cdk5 CKO animals became evident at P14 and increasingly pronounced at P21 and 2 M suggesting a late onset developmental defect (Figs. 1A and S1A, B) . This age-related reduction in myelination of CNP;Cdk5 CKO animals was confirmed with Black Gold II myelin staining, which labels both normal and pathological myelin (Fig. 1B) .
Reduced myelination was widespread throughout the CNS of CNP;Cdk5 CKO animals compared to controls at 2 months of age including in the hippocampus as visualized by anti-MBP and Black Gold II myelin staining (Fig. 1C) . Likewise, semi-quantitative analysis by western blots confirmed significant reductions of MBP and PLP protein levels in the corpus callosum, cortex, and hippocampus of 2-month-old CNP;Cdk5 CKO mice compared with age-matched littermate controls (Fig. 1D,E) . The extent of myelin reduction was evident by ultrastructural analysis. For example, at 2 months of age the proportion of myelinated axons in the corpus callosum and cortex was reduced (Fig. 1F,G) and g-ratio analyses revealed thinner myelin sheaths in CNP;Cdk5 CKO mice compared with controls ( Fig. 1H . CTX: Con, gratio = 0.696844324 ± 0.071197221; CKO, g-ratio = 0.813446314 ± 0.063471558; P < .05. CC: Con, g-ratio = 0.706150444 ± 0.052582414; CKO, g-ratio = 0.777315548 ± 0.066164728; P < .05. Two-tailed unpaired Student's t-test). These data suggest that selective loss of Cdk5 in oligodendrocyte lineages results in a persistent reduction of myelination.
Deletion of Cdk5 through targeting with the CNP promoter results in selective loss of Cdk5 in oligodendrocytes. Previous studies suggest that in some CNP promoter-driven transgenic lines, multipotent precursors and a subset of hippocampal cells may express GFP in addition to oligodendrocytes (Aguirre and Gallo, 2004; Belachew et al., 2003) . In the present study however, Cre expression was restricted to and expressed in the majority of Olig2+ cells and CC1+ OLs in both control and CNP;Cdk5 CKO mice (Figs. 2A, B, S1C, D) . Cdk5 was expressed in CC1+ cells in the corpus callosum of control animals, but absent in CNP;Cdk5 CKO mice (Figs. 2F, S1E ). In addition western blot analysis demonstrated reduced Cdk5 expression in the brain of CNP;Cdk5 CKO mice compared to controls (Fig. S2A ) that was specific to the oligodendrocyte lineage. Double labeling of CNP;Cdk5 CKO tissue sections with the neuronal marker NeuN and anti-Cre recombinase shown a lack of coincident expression in either hippocampal or cortical (NeuN+) neurons (Fig. 2C ) even though Cdk5 was clearly expressed in those cells (Fig. 2D ) and cortical lamination appeared relatively normal (Fig. 2E) . Cre expression was also absent from GFAP+ astrocytes (Fig. S2B) suggesting the morphological changes seen in CNP;Cdk5 CKO animals reflected loss of Cdk5 in oligodendrocyte lineage cells.
The proliferation of OPCs was not significantly affected in CNP;Cdk5 CKO animals (Fig. S4A, B) neither was the total number of NG2+ cells and mature CC1+ OLs (Fig. S3A-F) affected at any age examined. In situ hybridization confirmed that there were similar numbers of differentiated PLP+ cells at P21 and 2 M in the corpus callosum of CNP;Cdk5 CKO and controls (Fig. S4C, D) . The thinner myelin sheaths seen in CNP;Cdk5 CKO mice may reflect reduced cytoskeletal motility since Cdk5-deficient OLs develop fewer cellular processes and branches (Yang et al., 2013) . No obvious changes in the morphology or number of GFAP+ astrocytes (Fig. S5A) , Iba1+ microglia (Fig. S5B) or NF200+ axons were detected in CNP;Cdk5 CKO animals compared to controls (Fig. S5C ).
Disrupted myelination and nodes of Ranvier in the optic nerve of CNP;Cdk5 CKO mice
A critical element of myelinated axons is nodes of Ranvier, whose formation is dependent on myelination and myelin maintenance (Poliak and Peles, 2003) . The onset of myelination coincides with the clustering of voltage-dependent Na + channels at developing nodes while paranodal regions contribute to establishing the size and composition of nodes (Rasband and Shrager, 2000; Rasband et al., 1999; Trapp and Kidd, 2000) . Given that optic nerve myelination was reduced in CNP;Cdk5 CKO as evidenced by reduced expression of PLP and MBP (Fig. 3A,B) , thinner myelin sheaths and significant changes in gratio (Fig. 3C ,D. Con: g-ratio = 0.662837 ± 0.087069; CKO: gratio = 0.756208 ± 0.110571; P < .05. Two-tailed unpaired Student's t-test) while neurofilament (NF200) labeling was normal suggested relatively intact axonal organization (Fig. 3A) , the architecture and number of optic nerve nodes were assayed. In CNP;Cdk5 CKO optic nerves the architecture of nodes of Ranvier was disrupted. Analysis of Caspr+ pairs associated with the Na + channel protein Nav1.6 and juxtaparanodal region associated with the K + channel protein K v 1.1 revealed disorganization in CNP;Cdk5 CKO optic nerve with significantly reduced expression and numbers of Caspr + pairs compared to controls (Figs. 3E-J, S6A ). The distance between Caspr+ pairs (node spread or nodal gap) was significantly larger (Fig. 3F, I ) and the paranodal length was decreased in CNP;Cdk5 CKOs compared to controls (Fig. 3G, I ). The distribution of Na + and K + channels was also perturbed in CNP;Cdk5 CKO nodes including a decrease in the total number of double-labeled Caspr/Na v 1.6 nodes and a dispersal of Na v 1.6 channel distribution compared to controls (Figs. 3E, F, S6A) . Similarly, K v 1.1 channel protein was diffuse and its distribution overlapped with Caspr+ in paranode domains (Fig. 3J) . Ultrastructural analysis confirmed the abnormality of nodal structures in CNP;Cdk5 CKO (Fig. S6B) including less compact and thinner myelin and disorganized paranodal junctions, suggesting a reduction of axonoligodendrocyte interactions in Cdk5 deficient OLs.
Widespread expression of node abnormalities in CNP;Cdk5 CKO mice
The perturbation of node architecture was not restricted to the optic nerve. Disorganized and significantly decreased numbers of Caspr+ 
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revealed the reduction of myelin thickness in the CTX and CC of P 21 and 2-month-old CNP;Cdk5 CKO mice compared with controls. Values are mean ± SEM. In E: **P < .01. ***P < .001. n = 4 animals per genotype. Two-tailed unpaired Student's t-test. Scale bars: a-c = 200 μm; f = 25 μm and g = 10 μm. pairs, with elongated nodal gaps and shorted paranodes were found in the corpus callosum, prefrontal cortex and dorsal hippocampus of CNP;Cdk5 CKO mice (Fig. 4A-G) . Quantitative analysis revealed significant differences in the length of nodes and the length of paranodes between CNP;Cdk5 CKO and control mice (Fig. 4F,G) . Biochemical analysis demonstrated significantly reduced Caspr protein levels in CNP;Cdk5 CKO mice (Fig. 4H,I ). Likewise, fewer Caspr+/Na v 1.6 pairs and Caspr+/K v 1.1 pairs were detected in corpus callosum, prefrontal cortex and dorsal hippocampus of CNP;Cdk5 CKO compared with controls ( Fig. 4A-E) suggesting the loss of Cdk5 in OLs results in aberrant distribution of ion channels at nodes of Ranvier in both gray and white matter.
A previous study demonstrated that reduced expression of CNP disturbs axoglia interaction resulting in mis-localized Caspr and decreased clustering of Na + channels in aged CNP1-null mice (Rasband et al., 2005) . To ensure the changes in nodal architecture in CNP;Cdk5 CKO animals reflected loss of Cdk5 and not reduced CNP protein, nodal numbers and architecture were analyzed in CNP+/−;Cdk5+/+ mice and no significant changes were observed in the expression of Caspr or Na v 1.6 or in the number of Caspr+/Na v 1.6 pairs in CNP+/−;Cdk5+/ + compared to CNP+/+;Cdk5+/+ mice (Fig. S7A, B) suggesting the abnormal phenotypes in CNP;Cdk5 CKO mice were unlikely to be caused by reduced levels of CNP.
Impairment of learning and memory in CNP;Cdk5 CKO mice
Changes in myelination levels have recently been linked to learning and memory (Fields, 2008; McKenzie et al., 2014; Yarnykh et al., 2014) . To determine whether the changes seen in myelination and node formation in CNP;Cdk5 CKO animals influenced CNS function, animals were subjected to a battery of behavioral tests including T-maze, passive avoidance and fear conditioning tests.
In the T-maze test for short-term spatial memory, CNP;Cdk5 CKO mice (8 weeks of age) spent significantly less time exploring the previously blocked arm than controls (Fig. 5A) , consistent with impaired hippocampal and forebrain function. In a passive avoidance test to assess memory consolidation and storage, CNP;Cdk5 CKO mice showed significantly decreased latency to enter the dark box consistent with a decreased ability to store long-term memory (Fig. 5B) . In the fearconditioning test to evaluate the hippocampus-and amygdala- dependent associative learning. CNP;Cdk5 CKO mice had significantly decreased freezing responses compared with controls in both contextdependent and cued-dependent memory (Fig. 5C ). Although male animals were more variable, the differences between the genotypes were statistically significant for both sexes. In rotarod tests of motor abilities both CNP;Cdk5 CKO mice and controls performed comparably in the first two trials on the accelerating rotarod (Fig. 5D) , however while control animals showed improved performance during the third trial, CNP;Cdk5 CKO animals did not (Fig. 5D . female-con vs female-CKO: 170.9 ± 3.8 vs 135.5 ± 3.3, p < .0001; male-con vs male-CKO: 177.8 ± 6.8 vs 141.3 ± 3.3, p < .0001. Two-way ANOVA with Sidak's multiple comparison test). Evaluation of overall locomotor activity in an open field test indicated no significant differences between CNP;Cdk5 CKO and controls (Fig. 5E) . No significant differences between CNP;Cdk5 CKO and controls in the time spent exploring open arms (Fig. 5F ) were seen in an elevated plus maze test to assess anxietylike behavior. Together, these data suggest the selective deletion of Cdk5 in oligodendrocyte lineage cells results in selective impairment of learning and memory.
3.5. Reduction of synaptic and dendritic spine density in CNP;Cdk5 CKO mice Synaptic density was reduced in CNP Cdk5 CKO animals compared to controls. A significantly lower expression of synapsin-1 in cortical and hippocampal neurons (Fig. 6A, B) was apparent even though the total number of neurons appears normal suggesting that OL Cdk5 deficiency does not affect neurogenesis. Co-culture of WT cortical or hippocampal neurons with WT OPCs (Fig. 6C, D) enhanced their survival, maturation, synaptic density and process outgrowth as shown by increased secondary branching and synaptic density (Fig. 6E-I , red dots). The effect was mediated by diffusible factors and largely reproduced by OPC-derived conditioned medium (Fig. 6E-I, magenta  dots) . Cultures of CNP;Cdk5 CKO OPCs while not neurotoxic were far Fig. 3 . Disrupted myelination and nodes of Ranvier in the optic nerve of CNP;Cdk5 CKO mice. (A-B) Reduction of MBP and PLP expression in optic nerve of 2-month-old CNP;Cdk5 CKO mice shown by immunostaining of MBP (A, red) and Western blot analysis (B) compared with controls. Quantitative analysis is shown below the gels. (C) EM and (D) Gratio analysis reveals reduced myelin thickness in the optic nerve of 2-month-old CNP;Cdk5 CKO mice compared to controls. (E-H) Disorganized and reduced number of Caspr/Nav1.6 or Caspr/Kv1.1 pairs in the optic nerve of 2-month-old CNP;Cdk5 CKO compare to controls. (I-J) Confocal images showed disrupted organization and abnormal distribution of Nav1.6 and Kv1.1 in CNP;Cdk5 CKO (arrows) compared to control. Values are mean ± SEM. n = 4 animals per genotype. **P < .01. ***P < .001. In 3B, E-H: two-tailed unpaired Student's t-test. Scale bars: B = 100 μm; D = 10 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) less effective in stimulating dendritic growth or synaptic density (Fig. 6E-I , green dots) and their CM was ineffective (Fig. 6E-I , orange dots). These results suggest that expression of Cdk5 in OPCs/OLs modulates their capacity to influence neuronal dendritic spine maturation and dendritic synaptic development.
3.6. Induction of Arc, Fos, p-CREB and p-cofilin were suppressed in CNP;Cdk5 CKO mice
The expression levels of several proteins associated with memory formation and maintenance are altered in CNP;Cdk5 CKO animals. Proteins such as activity-regulated cytoskeletal-associated protein (Arc), Fos, CREB phosphorylation and cofilin are involved in memory (Johansen et al., 2011) . Arc and Fos are immediate early gene (IEG) products whose levels are increased following behavioral tasks (Alberini, 2009; Bramham et al., 2008) . The phosphorylation of CREB at Serine 133 (Ser133) and cofilin at Ser3 accompany the formation of long-term memory and plasticity and persist for several hours or days (Alberini, 2009; Gu et al., 2010; Suzuki et al., 2011) . Consistently, in control animals a significant increase in the expression of Arc and Fos was seen at 90 mins following training in the fear conditioning task (Fig. 7A-C) . By contrast, CNP;Cdk5 CKO mice showed no equivalent change in hippocampal Arc and Fos (Fig. 7A-C) following training. Similar results were seen in the expression of CREB and cofilin. While Values are mean ± SEM, n = 4 animals/group. *p < .05. **P < .01. *** P < .001. In C-G: Two-way ANOVA with Sidak's multiple comparisons test. In I: twotailed unpaired Student's t-test. Scale bars = 100 μm.
F. Luo et al. Experimental Neurology 306 (2018) 92-104 levels were increased in control animals, the levels of phospho-CREB and phospho-cofilin were unchanged after training in CNP;Cdk5 CKO mice, as were levels of total protein ( Fig. 7D-H) . These data suggest the lack of memory consolidation in CNP;Cdk5 CKO mice reflects a lack of induction of immediate early genes (Arc, Fos) and the phosphorylation of CREB and cofilin.
Discussion
In the CNS, the appropriate level of myelination is important for normal motor and sensory functions although the mechanisms that regulate myelination are not well understood. Here we show that CNPtargeted deletion of Cdk5 in the oligodendrocyte lineage results in thinner myelin sheaths as well as a reduction in the number and disruption of the architecture of nodes of Ranvier. These perturbations become more prevalent as animals mature and are associated with impaired learning and memory seen in multiple cognitive functional tests as well as reductions in the expression levels of Fos, p-CREB, Arc and p-cofilin during the induction of memory formation. These observations suggest that Cdk5-dependent functions in the oligodendrocyte lineage are important for normal neuronal function in the CNS.
The CNP-Cdk5 CKO mice developed severe hypomyelination in the optic nerve, corpus callosum, cortex and hippocampus by 2 months of age. The effect on myelination in the spinal cord was less pronounced than seen in previous studies (Luo et al., 2014) suggesting there may region-specific effects of OL Cdk5 on myelination. The underlying mechanisms are currently unclear although it may reflect the differential expression and kinase activities of Cdk5 and its co-activators of p35 and p39 in brain and spinal cord. For example, mRNA levels of p35 have been proposed to be generally higher in brain compared to spinal cord in the adult rat (Wu et al., 2000) . Furthermore, p35 protein levels and Cdk5 kinase activity are significantly higher in the cerebral cortex and hippocampus, but lower in the cerebellum and striatum (Wu et al., 2000) and may influence the success of localized myelination. The hypomyelination seen in the corpus callosum and cortex of CNP;Cdk5 CKO mice are consistent with that reported in Emx1 or Olig1-cre mediated Cdk5 conditional knockout mice (He et al., 2011; Yang et al., 2013) . In contrast to the Emx1 or Olig1-cre mediated Cdk5 CKOs, Values are mean ± SEM. *p < .05, **p < .01, ***p < .001. Two-way ANOVA with Sidak's multiple comparisons test. n.s. = not significant. hypomyelination in CNP;Cdk5 CKO mice did not reflect impaired differentiation of OPCs, which may result from differences in the timing or cellular target of Cdk5 deletion.
Nodes of Ranvier were profoundly disrupted in CNP-Cdk5 CKO animals. The total number of nodes was reduced, and the width of the nodes was increased. In addition, the distribution of sodium and potassium channels in the axolemma was significantly disrupted. Such perturbations are likely to have significant effects on the ability of affected axons to efficiently propagate action potentials and as such may contribute to the deficits in behavior of CNP;Cdk5 CKO animals. One mechanism that might account for such morphological changes is Cdk5 kinase functions that target proteins regulating cytoskeletal dynamics. These include FAK, WAVE1, NF proteins and the microtubule-associated protein tau (Dhavan and Tsai, 2001; Su and Tsai, 2011) . Cdk5 is (n = 10 neurons/group and repeated three times). **p < .01, ***p < .001. In B: two-tailed unpaired Student's t-test. In F-I: One-way ANOVA with Tukey's multiple comparisons test. n.s. = not significant. Scale bars = 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) also important in ErbB signaling transduction and ErbB deletion results in a higher number of smaller oligodendrocytes each myelinating less axonal surface (Roy et al., 2007) . Cdk5 is also proposed to link Fyn kinase to WAVE2 after PDGF stimulation and modulates OPC migration (Miyamoto et al., 2008) , raising the possibility that Cdk5 may transduce extracellular stimuli to the cytoskeletal network, thereby affecting oligodendrocyte morphology, myelination and neuron-glial interactions. Several lines of evidence suggest the lack of Cdk5 in OL lineages has wide spread effects on CNS function. The loss of Cdk5 in oligodendrocytes decreases Fos expression in the hippocampus after the training phase of a fear conditioning test, as well as decreasing the level of both learning-dependent p-CREB and Arc and the levels of the structural protein, p-cofilin. These data suggest a critical functional link between oligodendrocytes and the regulation of neuronal gene expression during the formation of long-term memories. The coordinate loss of these four proteins is likely to be very significant: Fos is an immediate early gene that is involved in memory consolidation (Alberini, 2009 ). Both p-CREB and Arc have been shown to underlie long-term synaptic plasticity and its related synaptic structural changes (Alberini, 2009; Bramham et al., 2008) , while p-cofilin levels correlate with spine morphological changes induced during memory acquisition (Gu et al., 2010; Suzuki et al., 2011) . In addition, recent studies implicate myelination in cognition, learning and memory (Fields, 2008; Xiao et al., 2016) and the structure of white matter is known to be dynamic and regulated by experience and electrical activity (Barres and Raff, 1993; Demerens et al., 1996; Young et al., 2013) . It seems likely that in patients with demyelinating diseases, defects in myelin may lead to impaired cognitive function in addition to the more widely recognized motor deficits (Kujala et al., 1997) .
One potential mechanism by which perturbations in myelination may affect neural function is through disruption of action potential synchrony between distant brain regions. Myelin can influence conduction velocity by regulating axon diameter, myelin thickness, the number and spacing of nodes of Ranvier, as well as the molecular composition of ion channels in the node and paranodal region (Fields, 2008) . Oligodendrocytes also monitor neural activity through a variety of receptors including glutamatergic (AMAP, NMDA, and kainate) and GABAergic (GABA A ) receptors that depolarize the cell through elevation of intracellular levels of Cl − at rest .
Activation of glutamate receptors on oligodendrocytes leads to depolarization that rapidly modulates axonal conduction velocity (Karadottir et al., 2005; Yamazaki et al., 2007) . Thus, it may be that the reduced level of myelination and dis-organization of nodes of Ranvier in CNP;Cdk5 CKO mice alters conduction velocity, thereby affecting the processes of learning and memory. In addition to controlling conduction velocity, a number of other oligodendrocyte-related mechanisms may contribute to reduced cognition in CNP;Cdk5 CKO mice. These include regulation or signaling of other ion channels and lactate in neuronal or non-neuronal cells. The interaction of myelin-associated glycoprotein (MAG) with an axonal receptor(s) induces a signal transduction cascade that modulates expression and phosphorylation of neuronal cytoskeletal elements by Cdk5 and ERK1/2 (Dashiell et al., 2002) . OPCs and OLs also secret various factors (i.e. BDNF, FGF2, NGF, IGF-1 and NT-3) that may affect synaptogenesis (Birey et al., 2015; Dai et al., 2003; Kim et al., 2014; Wilkins et al., 2001; Zhang et al., 2006) . Further, Cdk5 has been implicated in synaptic vesicle exocytosis and endocytosis and it remains to be determined whether the Cdk5 loss in OLs affects oligodendroglial exosome composition or secretion, a novel mode of neuron-glia communication contributing to neuronal integrity (Fruhbeis et al., 2013) . Our findings have potential implications for the cognitive deficits seen in numerous neurological and neuropsychiatric disorders. Myelin Fig. 7 . Training-induced Arc, Fos, p-CREB and pcofilin are suppressed in CNP;Cdk5 CKO mice. (A-D) After fear conditioning control mice showed a significant increase in hippocampal Arc, Fos at 90 min (A), and p-CREB and p-cofilin at 24 h (D) after training. After the same conditioning, CNP;Cdk5 CKO mice showed little or no increase in any of these proteins. Quantification of the western bands is shown in B, C, E-H. All proteins values were normalized to internal control β-actin. Data are expressed as mean ± SEM. n = 4 mice per genotype. *p < .05, **p < .01, ***p < .001. Two-way ANOVA with Tukey's multiple comparisons test. n.s. = not significant.
